Introduction
============

The gut microbiota is made up of complex interacting populations of microbes, usually dominated not only by bacteria but also archea, eukaryotes and viruses. There is a rapidly growing body of evidence that demonstrates that the microbiota has diverse and wide-ranging roles in many biological functions of the host. The integration of host and microbiota is so important and fundamental that it has led to the concept of the metaorganism.^[@bib1]^ Technological advances in DNA sequencing have driven the development and broad application of culture-independent methods of microbiota analysis that have revealed much greater diversity and complexity within the microbiota than had been apparent from older culture-dependent studies of microbiota.

The development of the host immune system is among the many important functions that have now been attributed to the microbiotas found within and on the body of humans and other animals. In turn, the host immune system influences the composition of the microbiota. Inflammation is an important protective response produced when the host detects potentially pathogenic or foreign biochemical signatures. An appropriate inflammatory response helps to protect the host from invading pathogens. However, if the host immune system has not been properly trained, an inappropriate inflammatory response against self-molecules or elements within the commensal microbiota can ensue, which can result in profound health effects. There is thus a balancing act between the maintenance of commensal bacteria and the elimination of pathogenic bacteria, which is reflected in the balance of the host response between tolerance and immunity. Inappropriate inflammatory responses have a role in a range of disorders including inflammatory bowel disease (Crohn\'s disease, ulcerative colitis), irritable bowel syndrome, infectious enterocolitis, obesity, metabolic syndrome, asthma and type 1 diabetes (T1D). Rodent models of many of these diseases have been developed and have been extensively used to investigate the role of the immune system in the development and manifestation of the diseases. More recently, these same rodent models have been adapted to study the role that the gut microbiota/host interaction may have in these inflammatory diseases. Because of the complex interplay of microbiota with other factors such as food and water quality, the sensitivity of microbiota to other host factors such as hormone levels and neural activity and the transferability of microbiota, great care must be taken in designing and interpreting the results of studies investigating the role of microbiota in inflammatory disease models.

In a well-designed study, it is relatively easy to demonstrate correlations between various biological parameters (e.g. a disease outcome or a change in an immune cell population) and changes in microbiota composition. The challenge is to determine the causal relationships in such interactions and devise realistic ways to avoid or resolve the negative impacts of inappropriate interactions of microbiota with the host immune system.

Pitfalls to avoid when using hosts with different histories
===========================================================

In studies of the mouse immune system, it has been a common practice to do comparative studies on mouse lines with various gene knockouts. In the past, it has been assumed that genetics, age, diet, environment and experimental treatment were the main drivers of differences between animals. However, recently, it has become clear that the gastrointestinal microbiota represents a significant source of variation between animals, with a very strong influence on metabolite concentrations in the body.^[@bib2]^ Changes in metabolites may have consequential effects on the response to drugs and toxins.^[@bib2]^ When integrating microbiota studies into experiments probing the immune system, it is necessary to carefully consider the origins of the gene-knockout lines. Often these might be sourced from different facilities. It is now well established that even the same line of mice from different facilities can have very different microbiotas,^[@bib3],\ [@bib4],\ [@bib5]^ and, indeed, the microbiota can be significantly different in a single mouse line within the one facility.^[@bib6]^ This is also true of other animals.^[@bib7]^ These different microbiotas can result in different patterns of immune cell interaction.^[@bib5]^ Such heterogeneity in microbiota compositions can lead to difficulties with the reproducibility of experiments, but this is often not obvious as there are very few examples of studies in which replicate experiments have been reported. Therefore, special precautions need to be taken to ensure the microbiota changes attributed to immune system interactions are truly due to this rather than a reflection of different origins and hence different starting microbiotas of the gene-knockout lines. There are a number of ways in which these legacy effects can be minimised, including cross-fostering, extended cohousing (coprophagy) and heterozygote matings to generate the test mice. An example of the importance of these considerations can be seen in the work of Ubeda *et al.*,^[@bib8]^ in which they found that, contrary to previously published work, the differences in microbiota in TLR-deficient mice were largely a reflection of their husbandry history rather than genotype.^[@bib8]^

Variability, stability and reproducibility
==========================================

Intestinal microbiota is highly variable between and within individuals^[@bib9],\ [@bib10],\ [@bib11]^ and responds to environmental changes and diet almost immediately, within 1--3 days.^[@bib12],\ [@bib13]^ Faith *et al.*^[@bib9]^ sampled faecal microbiota from 37 adults multiple times over 5 years; although there was considerable variability in microbiota composition between people, the microbiota within individuals remained relatively stable, with \~60% of strains persisting in the individual over the time of sampling and 70% over 1 year. This stable core of strains was present in individuals alongside elements of the microbiota that were more prone to fast and plastic response to stimuli. In agreement with Turnbaugh *et al.*,^[@bib11]^ Faith *et al.*^[@bib9]^ reported that bacterial strains varied between the families but were maintained within the family. Opposite to the familial microbiota similarity, unrelated individuals shared only \~30% of strains in their gut. This may suggest that the loss of microbiota due to extreme events such as antibiotic treatments can be replenished from the family reservoir of microbiota via the process of cohousing and contribute to microbiota stability. Furthermore, there is evidence for substantial microbiota variation in each individual, both temporal and spatial.^[@bib11],\ [@bib12]^ It may seem confusing and contradictory to refer to microbiota as stable over time but at the same time highly variable; however, the core microbiota represents a stable component in the community and is often defined as microbiota highly shared between individuals, as opposed to a highly responsive variable component of the community that is capable of mounting a very fast response to any external stimuli and thus allows the community to adapt to new conditions.^[@bib14]^ Despite the well-accepted designation of core microbiota, others^[@bib11]^ have suggested that defining the core microbiota as a set of stable and abundant taxa shared between individuals may be wrong, as they failed to detect one single abundant phylotype shared between 154 humans. They suggested that core microbiota exists at the gene level or at the level of metabolic functions, preserved in majority by different bacteria, rather than in the specific bacteria present.

In situations where plasticity and dynamics of the gut are disturbed, diseases and dysbiosis follow, thus variability and dynamics are often the key responses to treatment, but at the same time they represent a problem from the experimental design perspective. Reproducibility, or the lack thereof, can be a significant problem in microbiota studies. Very different starting microbiota will respond to treatments in very different ways; planting the same type of seed in a tropical forest and a desert is unlikely to result in similar outcomes! Because of the very significant founder effect in the development of gut microbiota, small stochastic variations in the initial microbiota composition can have profound and long-lasting effects on overall microbiota composition. The variability reported in humans is also paralleled in multiple mouse studies^[@bib3]^ and in trials from other animals.^[@bib7]^ Surprisingly, the practice of repeating animal trials is not at all customary in mouse model studies. In other animal models identical repeated trials gave very different results^[@bib15]^ because of the large impact of the variable microbiota backgrounds. In addition to the lack of multiple trials, there is a tendency in mouse studies to use a very small number of animals per treatment, often less than five. Considering inter- and intraindividual differences observed and the intrinsically high variation in microbiota, the statistical power of analysis in trials with low levels of replication would be very low and unreliable and hence confirmatory studies starting with animals from different parents with very different microbial cohort is very unlikely to confirm the result. In experimental designs that include microbiota analysis, it is essential to take all potential levels of influence and variance on the microbiota into account when interpreting results and designing confirmatory studies.

Methodological considerations for microbiota sampling and analysis methods
==========================================================================

In addition to the design principles that should be applied to the animal trial components of experiments, there are also a series of variables in the physical processing of samples and the bioinformatic approaches to the interrogation of microbiota profiling data that need careful consideration. In most studies, faeces have been used as a convenient sample for microbiota analysis, but it should be acknowledged that faeces do not necessarily represent the most accurate estimation of relevant microbiota. Often the key functional responses that are under study occur in one or more sections of the gastrointestinal tract. The small intestine carries a lower bacterial load and less complex bacterial community than the large intestine; therefore, if small intestinal gut function and hence small intestine microbiota is a significant aspect of a study, then faecal sampling may not be appropriate. Similarly, on a finer scale, the microbiota intimately associated with the gut mucous layer may be more relevant than microbiota present in the gut lumen. Differences in precise position of sample can be important---there are gradients within the gut for pH, nutrient levels, bile acid, oxygen, interacting immune cells and mucous composition,^[@bib16],\ [@bib17]^ which can all affect the local microbiota.

Time of sampling can also be important---there are rapid changes in composition soon after birth, which gradually stabilise over time, generally over several weeks in mice,^[@bib18]^ but several years in humans. Sampling at early times can result in even greater microbiota variability as the normal inter- and intraindividual variability is compounded by differences in temporal development of microbiota and an amplification of stochastic differences. Sample handling and storage conditions can influence the exact outputs from microbiota sequencing, whether 16S rRNA gene based or whole metagenome. For example freeze-drying, as against immediate processing or freezing, did subtly change the apparent composition but did not adversely affect analysis of infant faecal samples.^[@bib19]^ There are many different DNA extraction methods and kits available and each is likely to produce subtly different results. Lysis method can be a particularly important issue with methods of different efficacy potentially producing substantially different results.^[@bib20]^ Although there are differences in the DNA yields of different bacterial types with different methods, each particular method is generally stable, thus the most important advice is to ensure that the same methods are used for all samples within any one study. There are real dangers in using materials that have been collected and/or processed in different laboratories or in the one laboratory using different methods. For microbiota phylogenetic comparisons using amplified 16S rRNA genes, there are different sets of primers available that amplify different regions of the 16S rRNA gene. Results are only comparable if the same primers for the same region and the same amplification protocols are used---sequencing of different variable regions will give different results.^[@bib21]^

Following generation of raw sequence data for microbiota characterisation, the data are then processed and analysed to identify the characteristics of the microbiota, either a phylogenetic characterisation of the microbes present or a characterisation of the metabolic potential of the microbiota. Whichever path is chosen, there are a range a bioinformatic tools and analysis pipelines that can be used. The application of different software tools for tasks such as removal of sequences artefacts, chimera checking, sequence clustering, operational taxonomic unit (OTU) picking and taxonomic classification can all introduce variables that need to be controlled or at least standardised. Often the final goal of microbiota characterisation is to compare across groups to detect shifts in composition---again there are many different tools that can be used and each is likely to give at least subtly different results and sometimes substantially different results.^[@bib22]^ As with the sampling and DNA preparation methods, the most important thing to do with the downstream bioinformatic analysis is to standardise on one approach for the data collection and analysis within a study.

A number of papers have claimed to have identified the temporal stability of specific strains and sharing of specific strains across groups of animals or humans based on 16S rRNA gene sequencing results. It should be recognised that, in general, 16S analysis cannot differentiate bacteria down to the strain level; it only discriminates clusters of similar sequences that are grouped together into OTUs. Each OTU may be comprised of many distinctive strains of bacteria, thus it is wrong to infer that a shared OTU means the sharing of a specific microbial strain. It must also be appreciated that many bacterial species are highly diverse, for example, *Escherichia coli* strains can have \>40% difference in gene content,^[@bib23]^ but would not be identified as different by 16S sequencing. Therefore, when interpreting and reporting results, care needs to be taken in the language used and claims made in regard to the information generated from 16S rRNA gene studies of microbiota composition.

Animal husbandry: cohousing, maternal effects, cross-fostering, feeding, handling and group assignment
======================================================================================================

Care must be taken with a number of aspects of animal husbandry such as caging, feeding, handling and assignment of littermates to groups. Parent of origin, sex, cohort, family (nested with parent of origin) and litter (nested with cohort) all have effects on the microbiota.^[@bib3],\ [@bib24]^ Cage sharing (cohousing) of mice that belong to the same treatment reduces natural microbiota variation via coprophagy and direct animal to animal contact, which will in turn result in strong clustering of mice owing to cohousing rather than the treatment.^[@bib25]^ This phenomenon has such a strong effect on intestinal microbiota of cohoused animals that it can be used in animal trials instead of faecal transplant. Cohousing is now widely accepted as a method of normalising microbiota communities before trial treatments being applied. Cohousing provides continual seeding rather than the single inoculation usually used with faecal transplant. Macia *et al.*^[@bib26]^ showed that high dietary fibre protects from dextran sulphate sodium-induced colitis via microbiota short-chain fatty acid production and their interaction with GPR43 and GPR109A.^[@bib26]^ Their wild-type mice fed a high fibre diet were protected from colitis and showed improved clinical symptoms; however, this protection could not occur in Gpr43^−/−^ mice. However, cohousing of WT with Gpr43^−/−^ mice significantly improved colitis symptoms in Gpr43^−/−^ mice. After cohousing Gpr43^−/−^ mice, the microbiota was significantly altered with a very strong increase in the number of observed species present in the Gpr43^−/−^ mice. Cohousing of obese and lean mice was able to prevent increases in adiposity and weight in obese mice and transformed the metabolic profile of obese mice to resemble that of lean mice, an effect driven by the transfer of specific bacteria from the lean to the obese microbiota.^[@bib27]^ Unfortunately, the effect of rodent cohousing is often ignored in microbiota experiments, with many manuscripts failing to provide any detail of animal husbandry, focussing their methodology on treatments, feed and the number of animals per treatment instead of mouse housing. This has resulted in published reports of very strong clustering of mice microbiota, based on treatment, that are often too perfect to be credible. Some earlier published studies need to be considered in light of our current understanding of the effects that cohousing can have on the outcomes and interpretation of microbiota studies. Fortunately, most researchers are taking measures to eliminate the effects of cohousing by exchanging the litter between the cages or using single animal housing combined with the randomising of littermates across treatment groups or ensuring multiple balanced number of cages and sampling for each treatment. Whichever way is used to control the effects of cohousing and coprophagy, the details of animal husbandry should be reported and acknowledged as potential influences on microbiota data and treatment outcomes.

These cohousing effects are also obvious in human studies. Song *et al.*^[@bib28]^ inspected the microbiota of 60 families and showed that there were very strong effects of cohabitation in humans, with the strongest effects of cohabitation noted by similarities in skin microbiota.^[@bib28]^ This cohabitation effect even extended to their dogs! Other studies, in humans^[@bib29],\ [@bib30]^ and mice,^[@bib31]^ demonstrated that genetically related family members had much higher number of shared species in the gut microbiota than unrelated controls, regardless whether they cohabitate or not.

Although cohousing is a relatively simple method for normalising intestinal microbiota communities in mice before an experiment, there are practical limitations in how it can be applied, in particular it is usually necessary to wean mice before cohousing can be used. At this stage, the natural microbiota can be resistant to change, either by cohousing or direct inoculation with faecal material or defined cultures. An alternative approach is to influence the very first colonisation of the mouse gut and introduce permanent changes by cross-fostering of pups. Daft *et al.*^[@bib32]^ swapped pups between non-obese diabetic (NOD) and non-obese diabetic-resistant mouse mothers and concluded that nursing mother and not the birth mother determines the pup microbiota. They also noted that NOD mice fostered by non-obese diabetic-resistant mothers had reduced (although not statistically significant) incidence of T1D. The change introduced persisted out to 32 weeks of age, when the experiment was terminated. Org *et al.*^[@bib33]^ investigated microbiota variability in 110 inbred strains of mice to find that genetic background accounts for the abundance of some of the most common bacteria within the microbiota. They performed cross-fostering between two extreme strains discordant for fat gain under a high-fat, high-sucrose diet and found that male and female pups responded differently to cross-fostering, with initial weight gain in the lean SWR strain, occurring in both male and female, followed by females regaining the SWR phenotype and microbiota by 8 weeks of age. In contrast, male cross-fostered SWR pups gained significantly more weight than SWR controls and showed significantly increased levels of plasma triglycerides, similar to the fat-prone nursing mother strain. Clearly, the interplay between gut microbiota and host genetics is important and cross-fostering cannot override all aspects of the parental influence.

Maternal effects can have a strong influence on the phenotypic expression of microbiota--host interactions. Thorburn *et al.*^[@bib34]^ demonstrated that high fibre or high acetate diets protected mice from the development of asthma. A maternal diet high in fibre or acetate also prevented the onset of asthma in the offspring. They elegantly demonstrated that the pup protection was independent of microbiota and mediated *in utero*, by cross-fostering protected offspring from high fibre or acetate-fed mothers to nursing control mothers. The pups were still protected despite being fostered by controls. Control offspring cross-fostered to high fibre/acetate mothers remained susceptible to asthma, despite adopting microbiota from the foster asthma-protected mother.

Cross-fostering has been a useful option for experimental purposes, but there are some practical issues to consider when contemplating such experiments. Cross-fostering is most successful for pups born within 1 day (and a maximum of 2 days) for each mother and this requires a large breeding stock and coordinated breeding. Additionally, most cross-fostering experiments are performed after Caesarean section birth, which requires high levels of skill and poses higher risk for the mother and the pups. There is a lack of cross-fostering data on vaginal birth owing to pup rejection issues that may follow. In addition, success of cross-fostering may differ depending on mouse strains and pup sex;^[@bib32],\ [@bib33]^ thus, unless the maternal effect is of central importance, as in Thorburn *et al.*,^[@bib34]^ cohousing remains a much easier alternative.

Manipulation of the gut microbiota
==================================

Considering the inter- and intrapersonal and temporal variability in gut microbiota and the statistical power needed to distinguish whether variations in microbiota composition associated with different aspects of health and disease are significant or are simply the product of bias and natural variation is often hard to confirm. To advance from correlative studies that indicate that there may be significant involvement of microbiota in inflammatory processes and to test the hypothesised bases of this involvement, it is likely necessary to manipulate the gut microbiota. There are many ways that this can be achieved and the method of choice depends very much on what the researcher is aiming to achieve.

Germ-free, gnotobiotic and xenografted model systems
----------------------------------------------------

Germ-free (GF) mouse experiments have had an important role in microbiota research. The ability to observe a condition suspected of being influenced by microbiota, without the presence of any microorganisms, can provide clear answers regarding the role of the microbiota communities. One of the most cited early GF microbiota experiments was performed by Bäckhed *et al.*,^[@bib35]^ who reported that GF mice were protected against obesity induced by a high-fat, sugar-rich Western-style diet. Similarly, Wen *et al.*^[@bib36]^ used specific pathogen-free mice to first show that mice without MyD88 protein do not develop T1D. However, if grown in the absence of microbiota, in GF conditions, they did progress to T1D. These and many other GF model experiments have provided a tool in connecting the microbiota with a number of human conditions and had a role in the growth of this research area.

GF mice, completely devoid of all microbiota, have also been a useful tool to investigate the effects of controlled repopulation of microbiota, ranging from single strains such as specific probiotics (monoassociated) to collections of strains (e.g. Schaedler flora) or to complete faecal transplants. The transfer of known microbes into GF animals produces gnotobiotic animals carrying defined microbiotas. Exogenous bacteria can be administered via a number of different routes including in feed or water, rectal, intranasal and, most commonly, by direct oral gavage. Similar to GF mice, gnotobiotic mice never properly develop a fully functional immune system. It has become increasingly clear that the immune system requires modulation by, and interaction with, a full and species appropriate intestinal microbiota.^[@bib37],\ [@bib38]^

Xenografting of human microbiota into GF animals has facilitated the laboratory investigation of human microbiota in a tractable model system. Transferring human donor intestinal microbiota into GF mice can transfer some disease phenotypes and as such can be used to generate useful animal models of human diseases. In recent years, humanised mouse models have become widely used, including in the study of intestinal disease,^[@bib39]^ antibiotic treatment and faecal transplant,^[@bib40]^ gluten-induced immunopathology^[@bib41]^ and obesity,^[@bib42]^ as well as investigating interactions, gene expression or metabolomics in the gut.^[@bib43],\ [@bib44],\ [@bib45]^ Humanising mouse microbiota changes the metabolic profile of the recipient mice with the majority of the donor metabolomics profile reproduced in the corresponding humanised mice.^[@bib45]^ Humanised mice, however, cannot fully reproduce human microbiota composition, partly due to the different gut anatomy, surface molecules, immune cells and genetics, but additionally because there are host specific strains of bacteria. Such host specificities have been shown to have profound effects. Tannock *et al.*^[@bib46]^ showed that during ileal content transplant into GF mice or rats, the filamentous segmented bacteria were able to adhere to the epithelium of mouse recipients only if the donor was mouse and in rats only if the donors were rats, but colonisation with material coming from the different host was not possible. Strain host specificity and between-strain difference is a well-known issue for cross-species probiotic usage as strains beneficial to their original host may not have any effects on other host species.^[@bib47]^ This may be one of the reasons that the immune system in humanised mice does not properly mature,^[@bib48]^ as human microbiota may not contain mouse-specific immune-modulating phylotypes or the human-derived strains may not have the same effect on mice.

Specific pathogen-free animals have been used in microbiota studies, but these are generally less useful than gnotobiotic animals because they do have a complex native microbiota. They are really of use only if the goal is related to the specific pathogens, which are absent from the animals.

Antibiotic administration
-------------------------

The recent advances in our understanding of the importance of a healthy gut microbiota have highlighted why the unnecessary use of antibiotics can compromise general gut health and led to dysbiosis. The major perturbations in gut microbiota that result from antibiotic use have been used to study the microbiota function and to develop models for some human diseases. For example, *Clostridium difficile* infection and the inflammatory sequelae are commonly precipitated by the use of antibiotics,^[@bib49]^ and rodent models of the disease have been generated in a similar manner.^[@bib50]^ Similarly, antibiotics have been used to precipitate disease in a number of disease models including those for colitis,^[@bib51]^ obesity^[@bib52]^ and T1D^[@bib53]^ and T2D.^[@bib52]^ Because of the extensive and largely indiscriminate remodelling of the microbiota that occurs following antibiotic use, this approach is not broadly applicable for general studies of the effects of microbiota on inflammation. Antibiotic use is largely restricted to those models specifically designed to investigate the role that antibiotic use in humans may have on disease development.

Faecal microbiota transplantation
---------------------------------

Faecal microbiota transplantation (FMT) is a treatment where faecal bacteria from a donor are transplanted into a recipient. This is closely related to the xenografting models mentioned above, except that we have used xenograft in the context of GF animals, whereas FMT is into a recipient that already carries its own, often dysfunctional, microbiota. FMT is a clinically proven treatment able to restore microbiota and consequently intestinal health with high efficacy while bypassing the need to even identify the cause of dysbiosis.^[@bib54]^ It has been of particular clinical relevance for the treatment of potentially deadly *C. difficile* infection and inflammatory bowel disease.^[@bib55]^ FMT has been used experimentally in inflammatory disease models to demonstrate that microbiota transplant can restore health or transmit susceptibility to disease. For example, it has been shown that NOD mice susceptible to T1D harbour a dysfunctional microbiota rich in pathobionts that, upon FMT, initiates insulitis in diabetes-resistant mice.^[@bib56]^ Female NOD mice are more susceptible to T1D and have higher incidence of up to 80% as opposed to males that remain relatively protected. FMT from male NOD mice conferred protection on female recipients.^[@bib57]^ Perhaps, the most cited FMT experiments are those investigating the ability of intestinal microbiota to influence weight control. Microbiota transfer from obese mouse donors into GF mice resulted in an obese phenotype.^[@bib58]^ Transfer of intestinal microbiota from human adult female twins, discordant for obesity, into GF mice also demonstrated the transmissibility of the obese phenotype.^[@bib27]^

Dietary manipulation
--------------------

Diet is one of the variables with the strongest influence on intestinal microbiota. This is not surprising given that the food eaten is the main substrate, along with host mucin, for microbial growth in the gut and, just as for *in vitro* growth in a Petri dish, bacteria will only grow in a medium that meets their minimum growth requirements. Changes in diet influence the gut microbiota almost immediately.^[@bib13],\ [@bib59]^ Turnbaugh *et al.*^[@bib13]^ showed, in mice populated with human microbiota, that a switch from a low-fat, plant polysaccharide-rich, balanced diet to a high-fat, high-sugar, 'Western\' diet caused major microbiota shifts within a day and changes stabilised after a week. Wu *et al.*^[@bib60]^ investigated short-term versus long-term dietary changes in humans and demonstrated that the intestinal microbiota changed rapidly, but fairly modestly, following dietary change, but suggested that radical changes would only result from extended periods of altered diet. Some diets have a strong therapeutic potential such as diets rich in short-chain fatty acids that can delay colitis,^[@bib26]^ asthma^[@bib34]^ or obesity.^[@bib61]^ This indicates that diet design has a profound influence on intestinal microbiota, metabolism and metabolites circulating in the blood. Thus, selection of appropriate diets can be critical to the outcomes of microbiota studies.

In experimental settings in animal models, all the above methods of microbiota manipulation can be considered and used; however, when it comes to applying any of the findings in humans, the only viable methods of microbiota manipulation are likely to be via the use of dietary manipulation, prebiotics and probiotics, plus, in extreme cases, faecal microbiota transfer. Therefore, once the involvement of microbiota has been clearly delineated, perhaps by using some of the more extreme microbiota manipulation methods, it is important for researchers to consider the more difficult task of modulating disease and immune outcomes via the methods than can be more readily adopted for practical use in real target populations, whether humans or other animals.

Microbiota studies may require larger groups than often used in traditional immune studies: statistical considerations
======================================================================================================================

In traditional studies of immune mechanisms and inflammatory diseases in mouse models, the group sizes rarely exceed 12 animals and are sometimes as low as 3. Because of the inherent variability in microbiotas between animals, as well as temporal variation and strong responsiveness to many environmental stimuli, it is necessary to use larger treatment groups in experiments to achieve sufficient statistical power to draw valid conclusions. For example, using the R pwr package, which implements the methods of Cohen,^[@bib62]^ to estimate sample size with a default significance level of 0.05 and existing microbiota sets to estimate effect size, the required number of samples (mice) in microbiota experiments is often \>50. Low number of samples in combination with high variability may account for a number of conflicting reports in nearly all the main spheres of microbiota research. The issue of underpowered studies in biological research has recently been highlighted^[@bib63]^ and a number of authors have discussed the issue of determining adequate sample sizes to allow robust assessments of experimental effects.^[@bib64],\ [@bib65]^

Lack of replicate trails is another major issue in the experimental design. With sequencing prices falling, the excuse for analysis of low number of samples and lack of replicate trails is disappearing, and combined with revolution in the diversity and ease of use of analysis tools, it is hoped that much more abundant, reliable and reproducible data will be generated in the future.

Is the mouse an informative model for the effects of human microbiota?
======================================================================

Just as there are significant differences between the development and action of the mouse and human immune systems, there are also important differences in microbiota development and function and the gut environment in which it develops. Differences in anatomy, including the relative size and function of different parts of the GIT, lack of appendix in mice and the much more important role of the caecum are all likely to modify the host--microbiota interaction as is the different distribution of some key cell types (e.g. paneth cells and goblet cells). Dietary differences are also likely to result in significantly different responses from the microbiota, whether native or implanted. Human diets are usually much more diverse than the standard mouse chow that is routinely used in experimental settings. Although the basic nutritional content of mouse chow diets should be fairly standardised, the reality is that, unless special precautions are taken, each batch can vary in composition as it is often formulated with different components depending on the relative cost of raw materials (e.g. grains). Availability and feeding habits are also very different with constant *ad libitum* feeding often used for mice, but with pulsed food consumption in humans. It is important to be aware of these differences and the impact they may have on the interpretation of experimental results. Nguyen *et al.*^[@bib66]^ have comprehensively reviewed these issues. Despite these differences, the mouse is a powerful tool that has given deep insights into the causal linkages between inflammatory diseases and microbiota.

Conclusions
===========

The realisation that many inflammatory diseases involve interactions between the host and microbiota has led to an explosion in the number of studies that include microbiota manipulation and analysis in experimental designs. The above discussion makes it clear that this sort of research requires careful planning and carriage to ensure that meaningful results are generated. In most inflammatory diseases associated with disturbances in microbiota, the interaction is likely to be complex and depend on the overall structure, complexity and biochemical potential of the microbiota. Such interactions can often be identified by finding correlations between microbiota composition and disease or immune outcomes, but then careful studies, usually involving deliberate manipulation of the microbiota, are required to identify causal links. Attention to detail in choosing experimental model systems with appropriate animals, under appropriate husbandry conditions, using appropriate sampling approaches and analysis methods will reward researchers with informative and reproducible outcomes.
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